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NONFORMAIL REFASONING IN SCIPKCR:  THRE USE O ANALOGLINS AN EVIRD MP CAL LS

Introduction

This chapter fonises on evidence from preblem solving case studies
indicating that analcgy, extreme Case analogievs, and physical intuition cur
play an 1mportant role as fturms of nounformal reasoning 1n scirentifis thinkaing
Although some may consider these to be more "casual” wothods than Jdelductive
reasoning, one of my purposes 15 to show that they can be used very seriousiy
in a rather formal context-- in this case the context of deing vne', trui to
think about a physics problem.

There are a number of accounts of the role of d.fferent typen of
ronformal thinking 1n scientific discovery, such as Koestler (1964) The e
reports dre often bdsed on retrospective recounting of the discovery by the
scientist. Altho pgh they are certainly of value, one limitatisn of these
studies stems from the difficulty of recalling one's exact train of thousht
from hindsight. Especially when the train of thought leads to a tapnttican:
conceptnal change, it can be difficult to recover a picvious state of mind
and remceuber exactly what one's thinking was like befnre the « hanye Often
multiple sourcec of 1deas contribute to an eventual synthesis and 1t can Lo
difficult to recall the ¢vact order in the train of 1deas. ‘'therefore, 1t 3.
interesting to ask whether more direct evidence tor th: role of usnforiaal
thinting 1n science can be gathered in some way.

The evidence collected for this study comes from videc'aped 1nterviews

in which scientifically trained subjects were asked to think alcud as tLhey

solved problems. Among the few existing psycholopgical stuliosn of analony,




most have focused on provuked analogles, where ol least bart oo v andlogy is
prescnted to the subject for completion,  Thie chapler, Boosver, dogoribe
rese4rch on spontaneous analopgies whore the o JUCL e :
analopy. These o..ur when 4 SUhjeCt, an thnking ot ut proti ol ol 4
shitls, without Leing provpted, to onsider 4 s1tuation g wir o 1. Tore on
some significant way f.om A, and intends to apply faindin, . t.o 0 1, - i
succes. ful solutions by analogy the two contexts betng, cunparod ity
percemiually different bur they are always soen to be Punct pon ol g
stiuvcturally similar 1n some way. Such solut:cns cun huPu‘rv\)‘ldil"lll/
UeLbiactinre the subject 'y tiderstanding ot the Probloew Sitaat von o0 ure oot
ur2ful an unfamiliar problems whete the ubject is nat oo cooealy
familrar principle to the problem in a direct manner,

In describing the activities of scientists, phiiosophery of ., 1once have
tend:d to separate the "context of discovery” (hypethents v, | voongy from the
Toontext ot dewonstration (hypothesis testing)., ‘Tne S T S T
gencratien is considered to be much less well urederate D v UL Lol sa s of
hypothesis testing. However, some aulhor, heve Lt ceed a0 g by
analogy way play an important role n hypothe g e VoL na Y
Campbell [1957], Black [1979], Hesse [1:60], Oppenhic o slves i, N el
Focor [1980]), and Uirden [104y] Stitouph “he oo, oy 00 iy g s stady
Lo ot o problem on the front1e1 of SClence, tnoo Co P N L Y
Elving a scientific e¥planation ot « Phenovmenon ther were vaf aa L ias wiltn,
f.e., & problem on the front fer ot thelr own person.l nowls d e Thas, 1t
plausible that the thoughit pro.esses dnalyzed 11 thr, Chapatr ool Lt Gone
characteristics with thought proceuses used 1n sclent vtrc e oy,

o 4
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Suurce of Dty

Onc would expect that the use of SPodlaneoda vl toes L b v
celatiiv by Uncompe 't €reative act, sihee ol 1pvols s b st vy i the
dosUlphroas butlt up an considering the Orlgtaal 1 ‘ Coandt,
wlthonea spontancaus undloples are o more £ ' ac.ol bt et U study
chan prevoked anal o ooos, Lhey are dotfreult to ooy oo L0 L L Bow o ovor,
by varng vnfamil tar problens witn Sotentitioarty Uen e Lab - L e e
suchs cases nave been docnant ed Sabdeote oanota, o R R

the "Soriepe Frobies" Shoop o Troe |
4 <

The correct answer to the sprirg problew v, thor Jh < drine will

Streich tarthey. This serns 10 correngond o ot 1o oi. o, 1.:t1al 1ntultion
i t |

)

about the problers. However, glving « careful joclitictiron Lor this answer ;s

2 muc: more difficult tas!

Deothe pooblen Seriany Inter sreds ol jec s e L o IV S S IC RIS,
Lho lalreview was Lo study problow solving weth 4. 0 o, o thiink
aloud uu wuch as possivle during thetr o e oL oy vt wtviata o d
doctoral students or protesuors in techndoa, 4o ! . RS SR S BN
Selver” an thias paper Lome onoa pPeloohe w0 o, ; o acbion Lodver an
4 techatesl Lreld.

Subjects wele given 1nstructions o . oove o Coouens Tra iy way thiat
you cau", and were asked to give a rouph eot amat o, N TR RN
answer. Probing by the interviewe:r wes bopo vy o Sl caasisting
0f g reminder to kerp tatking, Uccasionally 1} Co " T A

clarification of an ambiguous teport, All svauion. . -0 ;i

oo thlo cnapter

were videotaped.
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Observations from ranuscrpt,

The solutions collected were up to 90 manates lany o and fhwie were a
number of different way. that analcgles were <onatiae 0 1 L.
selutions. The main purpose of this chapter 1s Lo provent oos Loat,al
examples of the phenomena and to develop construct. fo: descoubang
classifying the reasoning pattesn. observed. owoll wt. o

close-up view of nonformal thiveang dn science by oy, NS AU

from the protocols of tv) -—utge: ts solving the by v 00 1

Analogy Genecation

We first examinbe an RN S com o the selabtion o LTt

ot Lieist
referred to here as S1. 1a th. . towtng section he poncian. . (he “i1 rpin”

analogy shown 1n Tigure 2

Sl: ...The equivalo.t pidctlom that might have Lhoe ol ooower ) a--
suppose [ gave you the proble 4 1n a way insieal ot ooy, s L aried

spring, it's a lon, U ,poin, fike that, jJust 1l o nLsoin.
(Draws Fig. 2) And now 1 hang a weipht on the Latrpin, ALl oo how

far 1t bends down. Now I muke the hasrpan twrce o lonp with Ll
same wire and see how far 1t bends down. low Lhiet roul wath Ui
cube. That's the deflection 1o the teroth on 1o Canty owvoL o oan,
Heh, heh - and waybe 1t comes ont thot oy woy BT N N
my-- I would bet about, about 2 to FyoUvcala oot har Ll an e

to this [the original spring protlem | 1. tnat st 4the sider
spring] goes down 8 times as far.

Here the subject gencrates an danalogotis casr s . Cate owtlow U= haped
[

wire or "hairpin". To dispr! doubt that ansiogies are nued oLy Chuoe wWho
lack niore formal reasoning meti.cds we note tnat this senjoee 10 o plobel

laureate in physics. He Is able to make a confiadent HLLdrctron wbont e

1S

behavior of this analogous case and bropsses that b oy e nle 1o tyonaicr

this prediction to the original problem cor ..ruing il ol Note however

that his confidence in this conclusfor is not 100%- 14 1 5ol Uy warranting a




bet with onl 2 to IV addy Unlilke tte [ 2 S S T S VR DN

Corta T T trom

Elven assunplions, reasoniny Yy analeyy ooy tven ot bl oy 1o ef alprosach

thdat cannot be done with certainty. Apparent iy ot
relativel hiph ur low contide noe however, as w1l o0 v

(Here the subject attempled Lo mak’ o Quantitative

SIS PRV NI 15 Y S

qualitative prediction abeut which Spring would SUoete o, o

rematuder of this chapter we willi Le conce:ne oy vt Uh Ly Tty
b !

dasprots of the prublem.)

The 10 subjects ypencrared thirty eipnt an Lo o O I Al analogy

was classified as signiticart 1f it appearcd t.o nHe [eiv L a nertoas attermpt

Lo genvrate o evaluote o soluation, aud au nea- 4, 0L ot Tl Yo, uiaply

mentioned as an aside or commentlary, Thirty-one of ti €5 were

o8
o3
o8
C
[4¥]

sipnif1cant accord® g to this criterion. Eight of the t -0 sunjects, gencrated

a e

et least one analopy, and seven of the ten

IR v dwelst o oolgpificant

dnalogy Thun o Jarge aunber of ARAT L0 Ve .

voelal vy o diLrgrrur

In what follows st wiil be EULL s a Ly Lort. of oan

analogy, the analogdus case and the dualopy o tuan Lo ualopons case 1n

the above example (o the Halrpldn erfpoel ment gtes 1y ' Coeantiopy velation

1s the relaticnship being proposed by the Lunjecr o psarftlal equiv-lence

betwren the oriptial Case tuvolving [ S Y FLATTRNNE P B SUSE Gl st anvolving
[ ) t b

the hairpin., The subject vhears to have boph Cont e, tu hiu understanding

of the analogous cate, bLut enly modetate

»

analogy relation.  In otner cuses subject nae foon o upvad ot re-ject the

Coatydence an the volidity ¢f the

validity of an analopy rtelation, that 1s, thevy w a0 -

1 -
o ot thae anainprou.

Cdse was not sim{lar enough to the original Piwblen Lo diaw oy cunecluslons

from 1t.
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Subprocesses Used in Analopical Reasoning

From observations of this kind the general hyp o thesty wal toraulated that

the foliowing subprocesses are tundamental 1n matny 5 Lt e e L «halopy

|9

(Clement 1982, tg appear (b)):

(PL) Generating the Analopy. A conception of a s1tualion s oL g,
potentially analogous to A is accessed in metioty or coact.uctl Jd. A
tentative analogy relation is sct up between © (1 5.

(F2) Confirmine the Analo kelation.,  The validity ot b oo retatyon
ottt Pk nild __A&X‘_.., Sy g LY
vetween A and 3 1s examined crittcally and 1s conf iried gt ou Ligh level
of confidence.

(P3) gnde{§£iggiggigﬁg_§ﬂ§i9593§"§9§5. The subject ¢ .o el Lnd, Lt

necessary, develops his or he: undetrstanding ! tie analopous Case B,
and the behavior of B becomes vell-understood, o ut Joaut predictable.

(P4) Transferring Findings. The subject transfers «oa.lusion: or v sthods from
B back to A.

Table |

Th.s hypothesis 1 consistent with th - Pt o o oo ron T hot maeny
solr tions by analogy are proposed tentatively, and jacooy.g (r2; and (¢3)
esprelally can be guite time consun g . (When 3. L SRS T S Y3
¢ontext, the word "dnalogy" alone rtefers in tioe Cheap et Lo Eh e adog iy s
and he analogy relation tahen together.) ObLscivation. «lue indicer: that the
last three piocesses can be 1nitia.ed in any oraer, and Lhat supnjects can go
back dand torth cetween them seveira: times while gradiaily conplating cach
subprocess. This suggests t'.at the subjects do nue wo g s51wnle, well-ordered

srocedure for controlling their solution pProcean ey Gt g Leved,
g i




Analopics

and Extrerme Cawes from a Second Cabge

We will next examine the sutuat con

o d o sutgye v,y vha b Ln advane ed
doctoral caudidate 1n computer sclence, and b, vl o " clene ad
epgineer.  The actual protocols for Cotfjenlt L I S
therefore I present veroat i segments ot oprotoo b, g, taocdi ey atter
reading the problem, S3 preceeds as follews:

00& S3: ...Unm, well tight off the bat [ Lave oo 4 oea. Unna,  and iy
fir.t theugnt 1y that the Yevgth, or v 0 S I RO B )
greater (Traves Citclen 1n oy WITh b oo L Lol dowvavard)
and the strength of the metal Lelhy the un wvenn Uhat thorete
EOlnLy to bte kind of 1o b Peverage Foo b0 0 iar . t 10 cre vader
spriugl.

GO09 83, And that thetefore it s BU'ly 1o tang Lol cYnoand that '

pretty much stricetly an tntuition

metal and with working with metal,, . ]

that..

010 s3 (Draws horizontal rods 1p fig 33 .. And
1s that If you took the fame wire fiot
here [short horizontal red] o any At
suie wWelght cn 1r, that the same n.ste, o
on 1t, would bend conLider shly tur L,

019 53, It would seem that that we .1, Tnel g,

original problem, the spring 1n

Laled

R S RN SRR |

pplciuLe

sadollarity with
Just thinl. through

that
left

CY o ovabaris g cbout

o the

S ot aad bang
o o e werght
Uit bacle 11 the

Jobvhie wider sprang) ois

geing to hane farther; 1t00; widiy UL O TR TS
0210 23: .. aad T huve a confiden o b oar
022 33: oD howe wogreat ool of a0 T P S duLplatenent
cf the Yowg rod] 45 grewter 0 1, [ L e St o thie
s ot orod] in ANy Lae, v [ RIS T
Further evidence for sithprece e o0y : 1 Sy Yo wajor
episodes appedring In this tirof Sectllol ar e

(1) S3 first describes thinking ab:at

the large: spring will streteh farther;

(2) line 10 indicates thas he has sponter o,y

he draws the picture ot an anslogous protiem v 1.

ERIC 9

"Taturt .

shig, o o

Y 1)

ol predicty tha

e lopy whey

a1l e

Ying tod anotead

P e
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of stretched spring.

He decides, again on the bus
long rod would bend more than the shourt rod and 14

of confidence for this. 7This indicates that he ha

P3 1n Table ! (genordtlng and comwpretiending tye o,

(3) He gives evidence tor completing step b,
line 19, where he bdys that his analogy indicates
the original problem will stietch further.

However, he is sti1ll not 100% certain aio, o o
problem. A plausible explanation fur thig 1, k of
not fully satisfied with requirement P2 above (ecva
between A and B).

This transcript and otlers fndicate that proc
can 1ndeed take pluce separataly. €2 hay o parens
P3, and P4 w0 far. MNote that as desorihed jee
finding., can take place before steps P2 ot 1 .
words, & tentative prediction about the oyipie ) o
analogy relation has been conbitmed or bLejorr the
understood. This iy another sense in owhiog RIVRE RPN
conjecture.

tnoorder 1o Legin the task of tede b o tha
responsible four this Lype of analopgi o) tedsonlny,
the notation in Figure 4 showing the four majer o
nctation, dotted squares and solid Squares repre
well understood tonceptions, respectively. DLotted
Squares represent unconfirmed and confirmed anal.,
Apain, the order 1n b

conceptions, respestively,

fnftiated may vary

10

is ol "InluitjonY, that the

able to Srate o 100¥ loevel

s w et -t FLoand
1

S o L

fha e e adane L)

thar ot Lal o Lpriny 11

P TR teoo uL!Llndl
oo font s 1L taat he s

luatzag tha ahalopy relation

entvn PL othrouphl

i [
DN oo . vle o lner

4t T b wlde tarore the

sl e cane 1 pully
R mnolavolve g
Her Lot e L L Ve L owe s

LUl e oanoetal Lo iise

Do e, in thiy

sy aand ot ood rd
sad Lol ines bLe Wae

Yotolatica . belye en

T T N L R B A

o




0

A diagrain showlng the status cof the analoyy daf the ¢ud of the obove

rotocol section is shown in Figure 5. A wurly undvesteod oot ton of th e
23 I b4 !

spring 3s lirked by analogy to a well under. tod P o ptioas Gl b Twa. The
dotted line in Figuie 5 indicales that the attaloyy derL oL, L
confirmed. That is, even though the subject 1an cue 1. (R POUS FUR S A TS S

the hending rod situation works, he i1s still unsuie that thoat IV B R UV B

I

good analogy for a spring, i.e., that the s:tustioe . . o o red te be

equivalent tc¢ a spring and can be used to predict the con v o7 th spring.

Thus, we refer to a tgﬂtailxgwgﬁwQﬂSQﬂﬁiff“4_“P9} AR LUty polnt.,
Extreme caues Subijecty that speny leos thiy | fooay othien problem
Lariehe canes J ! !

without reaching a complete answer or 100% confiden. o feval were askel to
spend more time considering the probloem, in oruer te yuun (he r sontadence

N

level up higher. In this Cawe this leads the Cobpect oty Lol L new wppr oach.
030 I: Ok, let me push you o little on thie 1. Vo e LY VY YO
. Can increase your con’1denc: 1a 7ot heoalvuron?

049 53: Ok. Good. Un, wol!l the way to ancrees my coni ldonce would be

i

to examine the contiary hypochesls Uit o Do let Jhial
um. . . the streteh 45 the sgne Loy T RN

050 §3: Here's th= thousht experiment that [ pertor.

G5l 83:  The way to really eke oul v ity b h tnr e bavior of
the material 1s at all Pinear, woald Do he Thie corled
spring 1n 1 down to-. . llabe o tht {1, o, .. ity )
extremely tightly coirlea {even norroon. ] Tttt andy Lo
turns.

057 83: 1t's very clear)y in the limit.. It'sy vliwosl o0 no utistance
from side to side of the spring. “ut obt co 1 0 that case {1t

<

cen't stretch very far... Thite 1on't miterial ' - @ from to

contribute to a stretch. So um, my ant ol ton that ny ahswar's
correct has just jumped up to 85 o1 SU% ., 1 cuamin.d that 1n
the one extreme.., As you make that ormal:cr (brings palws ot

hands close together) 1t's poiny tu tre.o (.se

. 11
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Aruitoxt provided by Eic:

—



O

ERIC

Aruitoxt provided by Eic:

The above excerpt providee an example of exlreme co o
subject minimizes or maximivses an daspect of the proeblen oo
case thdar may be easier to solve. Tn this case, conaid
ndarrow spring allows the subject to make o more contid.:

what he calls physical 1ntuition. The subject continne by

attempting to use a4 second extreme case:

1S

053 S83: And just to really push that thinkine, v, o
in B, it we made those coils 1mmen. .oy oy,
apart) say miles wide,

Ui, well there's a problewm with thind rog o
that..

054 83: If you made the spring very bip then wa, '
siring starts coming into effect and 7 hve

10

‘naiy.) . where the
Cowale g ospecilal
con L o ly

¢ . Tid bated on

vene tat iny and

P ot he way thiouyn

Coog e, odads

Ut ot wnach s,

a the oo of o the

t.uuble weparating

my :ituition about thinking about a huge :..inp that [wocre)

the mass isn't a problem. ..

o
un
W

S3: So going 1in that direction doesn’'t reallv

Ip e 100

much.,.But T think 1t was very con,t u (tve te .o Lack and ook

4t whet happens 1f we go down g ti - d. 1

056 53: . ..Hy counfidence 13 now much higher wu, o,

drawing). Fven more Fven mors A
057 1. Did anything new happen to pet the '« oo o

058 53:  Just I was thinking about, 1 was st 50
dabout that really taang the diametes 1

O Lhe Lprlihg. .,

bo U5 (stares at

' -

[ (€1 SN

o letmy antutrtion

iy, Lo sero anl

the limit In which case the stretcl, ¢ w v rircg,

)50 [ low do you feel when you're "ruanutny thar o,
0¢2 S1: Um, 1t's just  have a-; T newa the proca o
diameter of the spring Lo Zetw 145 o oLl oirio

wouldn't stretch. ..
L

066 S3: So it's good ..pushing the paramcters o1 i

extrewes as a way of -ul, petting clev Tt

behavior of o system,

In the section above, S3 mentions thinking abovt h,

experiment over again, 1nvolving an extreme case of o oy

12

tnition™?

of tul1ny the

t

il ik

»

vrobloe to
U ahout the

s trrst thought

Satrow Spring, dand
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takes it even further by letting the width actually po to .erto. 1n which case
“he spring becomes a straight wire lhe extrene cane booo sceomn 1o 1ncredae

his confiden:e even mo.e.

Physical intuition and imagery reports. Subject 53 00 1) ate. that he
y gery reports

relies on some sort Oof physical intuitior Lo make predictions by tine 10, The
subject refers to his prediction that a long wire will pend mote Lhan a short
wir: as an "intuicion." This supgests that he s us iy, some knowls dpe based
on previous concrete experiences with manipalating metal.  Here [ will use the

term "phvsical intuition schema" to refer to an intern:l Knuwledge structure

of this tvne that 1s constructed largely on the basis orf yporsuaal experience
with the physical world rather thin academic knowledge or hearsay.

The subje~t also reports thinking about a "pretur«” ir line 62 1in the
above section. This is an example of an imepery repoct whore e subject
refers .o imagi-in, picturing, heaving, or "feeliny whait i12's like Lo
manipulate" a situatian. Of course subjects miy actunliy experience umaging
much more often than they make fmagery repor,. 1n the ex mple 1n line ©2
above *he subject also makes a prediction. In this case we tlso call 1t an

imagistic prediction report where the subject produces an  imagery report and

relatively simuitaneously states a prediction ur cu..lusion. {(The nterviewer
was careful not to be the first to Introduce suppe Live Letms such as "image",
"picture", or "analogy" in the interviews.)

I can now state several further hypotheses that are sugpested by the
above owvuservations.

First, the co-occurrence of imagistic prediction repcrts and intuition
reports in line 62 above and 85 below, suggests that the Frocess U ousing

pPhysical intuitions here involves im.gery.

13




Second, a major function of the extreme cases uppedrs Lo be Lo enable
the use of a physical intuition schema in makinyg an vangrcoae pred.aotion with
high confidence.

Taird, the subject experirnces difficulty with using o prreviow, extieme
case in the first part of the above section. He has dirticully thinking about
a huge massless spring in attempting to construct an exireme (ase ir the
opposite direction. Even though he recognizes that he needs Lo separate out
the variable of mass of the spring from the problem, he oppacently Lo
difficulty voluntarily carrying out a thought experimeat wvhich 1n Judes that
censtraint.  This suggests that there dre certain lumitations assoclated -1th
the implementation of thought experiments that involve Mapery anc physical
intuition,

The interviewer then pushes ne subject once more,

067 1: Is there any way you could increase YOui Conlldon e oeven
more...?

085 83: ...I guess er, my tendency 1s to think .boul a bLig spring. Push
the...diameter up and picture 1n my mind o« _ally big spring
with that weight hanging from 1t. And ul, 1U's jJust really
obvious that it's gonna hang fuither

086 1. What are you thinking about there?

087 S3: I have a picture in mind...

089 $3: I have a picture in mind. 1 sec many, uh; [ rlashed on the
image of the Foucault Pendulum at the Suwithsonian Institute
which had nothing to do with thig except it', a big nhysical
system (S laughing)...Um, so I'm wishing that they had a big
spring hung out there, so that 1 could have an even clearer
picture,.

Line 85 contains another example of an imagistic prediction report. In

this second attempt the subject seems to be more succe.siul 1a thitnking about
the behavior of a very large spring. The subsequent Fou ault pendulum 1dea,

referring to another system involvirg a long wire and . welight ) appears to

O
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derive from an assoclative analogy generatiun PLoces,, bul o Ldea 15
discounted immediately, apparently due to a Jack Ot alrucioral simyluraty
between the two cases,

Summary of S2's protocol. Subject S3 pives eviaor o ot asae oo humber

of different approaches. He makes use of an andlogy to 4 simpler situation
involving bending rods of different lengths. le uses Uhysi-o ¢l 1nturtion
beliefs to make predictions about such simpler Situualion.. Whea a prediction~
is accompanied by an imagery report, we call 1t un tmigastee prediction
report. Finally, he uses extreme cases, a very nart o s=p.iuy and a very wide
spring, to further suppoit his initial answer. 1ln both Cde.., the appdrent
function of the extir~me cases is to facilitate the cont  dunt applicatlon of a
physical intuitjon belief to the problem.

The use of multiple approaches to the problem dppedrs to allow the
subject to increase his confidence in his solution. 31, the “1rst subject
examined in this chapter, also went beyond the use of an ahtatovy o his first
approach to the problem by usin, more anclytic methods i1n ordear to contrizm his
predi:tions generated by the hairpin analogy.

A more subtle understanding of cxactly how thi e defooms arose from
a third subject's generation of the analogy of o« sguare shaped spring coil.
This allowed him to discover that the spring wite 1. C4abilg, w9 1t stretches
In the square shaped coil one can envision one ol tle sldce oi Lhe sgudre
acting like a wrench to twist the next side-- and %0 on down the spring
(Clement, 1981, to appear (a:). (The square coil can also be used to predict
the result that the stietch of the spring depends on the cube of the coil's

diameter.) Thus, a variety of ane ~gous cases were observed tor this problem.
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Discuusion

Nonformal Knowledge vs. Nonformal Reasoning

In addit'on to nonformal teasoning processes such as Lhe Lo of
analogies, examples have :lso been presented of imagery reports ond umagistic
prediction reports which indicate the use of physical intuition knowleage. It
1s helpful to make a distinction batween nonformal knowledge ond nonlormal
reasoning. In the casc of S3 the conclusions he reaches seem to be grounded
at the most basic leve! on physical intuition schemas consiructed from prior
experiences with physical objects (e.g. long objects are easier Lo bend than
short objects) rather than formal knowledge assumptions. Thus he uses a kind
of nonformal knowledge. Analogical reasoning and extrcme case reasouning alleow
him to transfer this knowledge, with some degree of ccnridense to the given
problem situation. Thece two types of nonformal reasoning, then, allow him to
applv or transfer his nonformal knowledge in the form of physteal intuitions

to the problem.

Flexibility and Uncertainty

The flexibility exhibited in scientific thaindddng that 1uvolves extieme
cases and analogies is impressive. Such flexible methods play an amportant

. . ! )
role in the hypothesis generation process in science . Analogy pgencration e
a creative and divergent process, since the subjcct nust sonchiow brcoak daway
from the normal assumpticns implied by the problem and shitt his dttentaon
over to a significantly different but related problem. This 1ts difticult for

some people to do, probably because of the difficulty 1nvolved 1n breaking out
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of the psychological "set" of assumptions built up coastdering the original
problem.

It is also somewhat risky, because there 1¢ o ravrantes ohead of time
that the results will be found to pay off-- one doew not have the security of
Percerved certainty that 1s experienced 1in deductlave toaieniay However, at
the end of the protocol, subject S3 1s "95% confident” in his {(¢or-eet)
answer to the prediction aboul the behavior ot (he tpring.  He acnieves tha,
level without using formal methods. Presumably, the [act that he hain arrived
at the same prediction in three different ways hdas pluayed &n important re.e 1n
boosting his confidence. Even though individual nonformal teasoning methods

involve a degree of uncertainty, the convergence of seve:al awethods on the

same result ~an raise confidence levels to a high point

Sumsary
In this very brief rhapter, examples have bien presented which provide
evidence for the presence of the ftollowing types of spontabeous nonformal
reasoning phenomena:
(1) the use of analogous cases;
(2) *he use of extreme cases;
(3) the presence of four subprocesses involved 1. Uriag dnalogical reasoning;
(A) generating the analogy
(B) confirming the analogy relation
(C) understanding the analogous case
(D) transferring findings;
(4) the presence of various levels of confidence in differenr beliefs and

reasoning steps;
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(%) the presence of imagery reports and imagistic predicticn reporty which
indicate the use of nonformal knowledge in the form of physical iatuition
schemes,

The above phenomena have also been o3served 1in mathematical thnnking
(Polya, 19%-, Clement, 1983). The facl Lhat we cun now colloct an! Jdoesor the
such phenomena suggests that it will be possible to develop and cvaluate
models and theories for certain patterns of nonformal HC1enti1tic reacon ng.

Notes

* Research reported in this paper was supported by HSF Award No LDk B470576.

1. See, for example, Hesse (1966) and Oppenheimer (1955). Clement (to appear
( )) discusses evidence for the generation of hypothetical models and
analogies in thinking about protocols.

2. See Clement (1986) for a discussion of a number of methods experts can use

to increcase their confidence in the validity of an analoge.
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(Pl) Generating the Analogy. A conception of a situation B that is

potentially analogous to A is accessed in memory or constructed.

A tentative analogy relation is set up between A and B.

(P2) Establishing Confidence in the Analogy Relation. The validity

of the analogy relation between A and B is examined critically and

is confirmed at a high level of confidence.

(P3) Understanding the Analopgous Case. The subject examines and, if

necessary, develops his or her understanding of the analogous case

B, and the behavior of B becomes well-understood, or at least

predictable.

(P4) Applying Findings. The subject applies conclusions or methéds

gained from B back to A.

Table |
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SPRING PROBLEM

A WEIGHT IS HUNG ON A SPRING. THE ORIGINAL SPRING 1S
REPLACED WITH A SPRING:
--MADE OF THE SAME KIND OF WIRE,
--WITH THE SAME NUMBER OF COILS
--BUT WITH COILS THAT ARE TWICE AS WIDE IN DIANETER.

WILL THC SPRING STRETCH FROM ITS NATURAL LENGTH, MORE, LESS, OR
THE SAME AMOURT UNDER THE SAME WEIGHT? (ASSUME THE MASS OF THE
SPRING IS KEGLIGIBLE COMPARED TO THE MASS OF THE WEIGHT.)

WHY DO YOU THINK SO0?

(1) (2)

)

E STRETCH
Figure 1
a
b Q
/ D)
|
Frouwre 3
Figure 2
L2
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P2)

P3) UNDERSTAND CASE B
P4) TRANSFER PREDICTION
FROM B TO A
Flare 4
F==—=1"
| !
|
| | a
' '-— ————— i
| |
FIGlRE &

SPONTANEQUS ANALOGY

GIYEN POORLY UNDERSTOOD
PROBLEM SITUATION A

GENERATE TENTATIVE
ANALOGOUS CASE B

CONFIRA THE VALIDITY
OF THE ANALOGY RELATION
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CForw |
BRIDGING CASES CONNECTING
ANCHOR TO TARGET SITUATION
ANCHOR TARGET
TRIGGERING SITUATION
CORRECT TRIGGERING
INTUITION MISCONCEPTION

Figure 6
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